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Abstract 
In this work, powders of Cu and Al were milled with a proportion equal to 24 % atomic Al, using low and medium energy mills. 
The initial, intermediate and final stages of the resulting powder are analyzed using scanning electron microscopy, X-ray 
diffraction and different transmission electron microscopy techniques. The structure and microstructure achieved in each step of 
the milling process are compared to the results of Cu-16at.% Al and Cu-30at.%Al obtained under the same conditions of reactive 
milling. At the final stage of milling, it was detected that the obtained intermetallic is not the equilibrium phase of the Cu-Al 
system. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Scientific Committee of SAM– CONAMET 2014. 
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1. Introduction 
Cu-Al based shape memory alloys are appreciated due to the high transformation temperature, usually equal or 
higher than 200 ºC according to Dvorack (1983). The martensitic transformation gives rise to shape memory effect, 
pseudoelasticity and double shape memory effect (Ahlers (1986)). This transformation can be induced by a change 
of temperature or by the application of stresses and it is also independent of grains size within certain ranges. 
* Corresponding author. Tel.: 0054 294 4445100 int 5548; fax: 0054 294 4445147. 
E-mail address: zelaya@cab.cnea.gov.ar 
 
 
 5 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Scientifi c Committee of SAM–CONAMET 2014 
263 M.F. Giordana et al. /  Procedia Materials Science  9 ( 2015 )  262 – 270 
However, the fracture strain seems to increase as the grain size decreases. Then, it is desirable to find a method to 
produce Cu-Al-Ni or Cu-Al shape memory alloys with a grain size lower than 30 Pm according to Vajpai et al. 
(2011). There are several methods to produce microstructure alloys such as sputtering, argon atomization or addition 
of grain refiners like Zr or Ti. However, reactive milling (RM) is a useful tool recently incorporated as the first step 
in the synthesis of microstructural materials (Pourkhorshidi et al. (2012), Tang et al. (1997)). Moreover, the powders 
produced by reactive milling seem to favor the cohesion in the successive compaction stages due to the irregular 
shape. However, the equilibrium phases resulting from RM not always reproduce the results of the conventional 
phase diagrams. Depending on milling conditions, RM is a process that occurs near room temperature and involves 
the creation of phases due to repetitive fracture and rewelding of the powder particles inside a ball mill. Previous 
works in systems like Cu-Zn, Ni-Al or Ag-Zn showed evidence that the phase stability obtained by RM was 
different from the one obtained by conventional methods (Pabi and Murty (1996), Zelaya et al. (2013), Guzman et 
al. (2013)). In particular in Cu-Zn, it is shown that the discrepancies could be found in more than one specific 
composition value. For this reason, it is worth to study Cu-24at.%Al, even when  the  phase stability  and  
microstructure  of  Cu-30at.%Al and Cu-16at.%Al were previously investigated  
In the conventional phase diagram for Cu-16at.%Al, it is expected to found the cubic disordered D phase 
(Dvorack et al. (1983), Masalski et al. (1986)). This phase presents the same space group than Cu but with a slightly 
larger lattice parameter due to the Cu substitutional replacement by a larger Al atom (Swann and Warlimont (1963)). 
For higher Al concentrations, around Cu-24at.%Al the stable phase is the tetragonal D2 (Swann and Warlimont 
(1963), Roulin and Duval (1997)). At Cu-30at.%Al, the phase diagram indicates the coexistence of the D2 structure 
with the cubic J2 phase. This phase has a total of 52 atoms and 2 structural vacancies with a lattice parameter larger 
than three times the one ofD. However, low energy RM of Cu-30at.%Al reaches mainly J2 phase while medium 
energy RM reaches an equilibrium between D and J2 phase. On the contrary, both types of RM seems to arrive to 
Dphase for Cu-16at.%Al. This last result is in agree with the conventional phase diagram while Cu-30at.%Al is not 
(Giordana et al. (2014)). 
The main purpose of this work is to fully characterize the structure, the microstructure and the phase stability of 
Cu-24at%Al obtained by low and medium energy ball mills. The powders were analyzed using, scanning electron 
microscopy (SEM), X-ray diffraction (XRD) and transmission electron microscopy (TEM). SEM was used in order 
to determine the evolution of the microstructure. The combination of XRD and TEM allows the proper study of the 
evolution of the phases with larger amount of mass and the detection with a threshold better than 1 nm the presence 
of minor phases in the final intermetallics. Finally, those results were compared with the evolution of Cu-16at.%Al 
and Cu-30at.%Al obtained by low and medium energy ball mills. 
 
2. Experimental 
Copper (99.999% purity) and aluminum (99.999% purity) powders were combined in a ratio of Cu–24at.%Al 
using two different ball mills. The elemental blends were mechanically alloyed in a horizontally-motioned mill 
Uniball Mill II-Australian Instruments. It is considered as a low-energy milling device (LEM) by Suryanarayana 
(2001) and Obregón et al. (2012). The elemental blends were also mechanically alloyed in a planetary-motioned mill 
Fritsch pulverissette 6, which is considered as a medium-energy milling device (MEM) by Suryanarayana (2001), 
Kano et al. (2000) and Lee (2012) .The milling processing and sample handling was done under Ar atmosphere 
(99.999%) at controlled conditions (humidity < 100 ppm, O2 content < 5 ppm). Milling speeds selected were 140 
rpm for LEM and 120 rpm for MEM. The ball/sample mass ratio for LEM was chosen as 22.33:1 and for MEM the 
ratio was equal to 8.25:1. After certain intervals of time, samples were withdrawn from the chamber by keeping 
approximately the same ball/mass ratio for XRD and TEM analysis. For LEM, the integrated milling times (tim) 
selected were 10, 30, 50 and 100 hours and for MEM, the tim were 10, 20, 30 and 50 hours. Table 1 presents the 
nomenclature used for the different samples. 
Room temperature XRD was performed on a Philips PW 1710/01 Instrument with Cu Ka radiation. XRD patterns 
were refined by the Rietveld method using Fullprof software (Rodriguez Carvajal, (2001)). SEM images were 
acquired in an FEI 515. TEM characterization was performed using a FEI CM200UT microscope operated at 200 
keV.  
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3. Results 
3.1. SEM observations 
The evolution of the mean sizes of the particles is summarized in Table 1.  
Table 1. Type of mill and milling time employed for each sample and general characteristics of SEM and TEM measurements. 
Sample name Type of milling Time of milling (h) Mean particle diameter (Pm) Mean grain size (nm) 
LCu24Al1 LEM 10 104 ± 43 5-35 
LCu24Al2 LEM 30 122 ± 35 20-100 
LCu24Al3 LEM 50 111 ± 31 15-100 
LCu24Al4 LEM 100 99 ± 37 1-25 
MCu24Al1 MEM 10 91 ± 38 6-50 
MCu24Al2 MEM 20 101 ± 31 5-80 
MCu24Al3 MEM 30 64 ± 23 4-80 
MCu24Al4 MEM 50 60 ± 46 3-32 
 
Moreover, the change in the morphology of the particles as time evolved is shown in Fig. 1. The initial stages of 
both milling types showed compact particles with a surface texture typical of fracture and cold welding processing 
of the powders. The last stage of milling of the low energy ball mill showed lenticular shape particles with some 
flats surfaces. On the contrary, the last stage of medium energy ball mill evidenced rounded particles with the same 
kind of surface of the MCu24Al1 sample. In order to compare the evolution of the mean size of the particles, the 
histograms of the initial and final tim of each type of milling are shown together in Fig. 2. These results are also 
summarized with those of the samples analyzed in this work in Table 1. The normal curves of the histograms of 
samples Cu-30%at.Al and Cu-16%at.Al are also plotted together with the histograms of Cu-24%at.Al for the same 
time of milling and type of mill. 
 
  
 
Fig. 1. SEM micrographs with the same magnification of samples (a) LCu24Al1, (b) LCu24Al4, (c) MCu24Al1, (d) MCu24Al4. 
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Fig 2. Histograms and fitting of normal curves in light gray of samples (a) LCu24Al1, (b) LCu24Al4, (c) MCu24Al1, (d) MCu24Al4. Each 
figure shows the normal fit to the samples Cu-16%atAl in dash black lines and Cu-30%atAl in dot dash dark gray lines for the exact milling time 
and mill type. 
 
As it can be observed in Fig. 2, the discrepancies between the main values of the normal curves associated to the 
histograms at the initial integrated milling times are lower than 60 Pm. However, a slight tendency to decrease the 
mean diameter as the Al% increases could be mainly detected in Fig. 2(a). At the longest tim, the mean size diameter 
of the particles clearly decreased as the amount of Al increases (Figs. 2(b) and (d)). 
 
3.2. TEM observations 
Fig. 3 shows the typical dark field image of the milled particles. This kind of microstructure was observed in all 
the samples. The ranges of the grains measured from the dark field images are summarized in Table 1. 
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Fig 3. Dark field image of the sample LCu24Al1. 
 
Fig. 4(a) shows one of the typical left up quarter of the ring diffraction pattern. As it is observed in Fig. 4(b), 
indexing phase exhibited a linear correlation between the measured data and those obtained considering a lattice 
parameter equal to 0.364 nm (Pearson, (1958)). Even when only one other possibility (J2 phase) was analyzed in this 
figure, no other phase of the equilibrium phase diagram between Cu-16at.%Al and Cu-30%at.Al fit as good as the D 
phase in this case. However, most of the ring diffraction patterns of the samples analyzed in this work matched with 
more than one phase. Figs. 4(c) and (d) show typical examples of the left up quarter of initial and final stages of 
milling. The association of the indexation of each ring diffraction pattern is listed in Table 2, no particular rings 
associated to other phases rather than D and J2 could be detected in the intermediate and final tim. However, a certain 
tendency to show completed D rings and incomplete J2 (like in Fig. 4(d)) was more frequent in low energy mill 
samples. Moreover, only in samples MCu24Al2 and MCu24Al3 some of the particles presented a ring diffraction 
pattern consistent with the presence of Dphase (Fig. 4(b)). 
Table 2. Indexed phases according TEM and XRD techniques. 
Sample name TEM XRD 
LCu24Al1 Cu + Al Cu + Al 
LCu24Al2 D + J2 D + J2 
LCu24Al3 D + J2 D + J2 
LCu24Al4 D + J2 D + J2 
MCu24Al1 Cu + Al Cu + Al 
MCu24Al2 D + J2 D + J2
MCu24Al3 D + J2 D + J2
MCu24Al4 D + J2 D + J2
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Fig 4. (a) Left up ring diffraction pattern of sample MCu24Al3, (b) Diameter of the rigs measured in (a) as a function of the diameter of D and 
J2phases, (c) Left up ring diffraction pattern of sample LCu24Al1, (d) Left up ring diffraction pattern of sample MCu24Al4. 
 
3.3. X-Ray diffraction patterns 
The diffractograms of the intermediate and final stages of the milling could be indexed consistently with the 
presence of only D and J2 phases (Table 2). However, two different types of profiles were observed for the low and 
medium RM. In all LCu24Al2, LCu24Al3 and LCu24Al4 samples the peak corresponding to 330J at 2T = 44º could 
be clearly distinguished from the peak corresponding to 111D at 2T = 42.8º (detail in Fig. 5(a)). On the contrary, in 
samples MCu24Al2, MCu24Al3 and MCu24Al2 the peak indexed as 330J appears as a very low shoulder of 111D 
(detail in Fig. 5(b)). This behavior could not be attributed to texture of the samples since neither ring diffraction 
pattern nor dark field images showed characteristics of textured samples. 
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Fig 5. (a) Diffractogram of sample LCu24Al4, (b) Diffractogram of sample MCu24Al4. 
 
Finally, Table 3 presents the results of the average grain size calculated with Scherrer formula for the first and 
last tim, considering the width at half peak height in the peaks of each diffractogram. Those values are within the 
range observed in the dark field images and listed in Table 1. 
 
Table 3. Variation of grain size according the type and integrated time of milling. The technique has an error of ± 1 nm to determine grain size. 
Diffraction 
phase 
LCu24Al1 
Cu 
LCu24Al4 
D
MCu24Al1 
Cu 
MCu24Al4 
D
(111) 20 nm 50 nm  12 nm 
(200) 21 nm 37 nm  10 nm 
(220) 22 nm 29 nm 8 nm 12 nm 
(311) 17 nm 26 nm 10 nm 10 nm 
4. Discussion 
The particles obtained by LEM were less rounded than the ones resulted by MEM. This behavior was also 
reported for Cu-16at%Al and Cu-30at.%Al (Giordana et al. (2015)) and it is associated to the movement of the balls 
inside the milling vessel. While in LEM the balls hit the material and the chamber in one vertical movement, in 
MEM the impacts come from randomly distributed directions. In other words, the shape of the particles seems to be 
determined by the type of movements of the balls inside the chamber. 
All the particles obtained for the first integrated milling time showed the same kind of surfaces. They looked like 
lamellar material welded one over each other. This kind of microstructure could be associated to multiple fractures 
and cold welding processes. Even when the initial integrated milling times are short, the fracture of the pure Cu and 
Al particles occurred. However, the analysis of the diffractograms and the ring diffraction patterns are both 
consistent with the presence of Cu and Al. Neither technique detected the presence of the intermetallic. Therefore, 
each particle in the first tim is formed of pure Cu and Al grains.     
As the milling time increased, the mean size of the particles decreased (Table 1). At the same time, the 
diffractograms and the ring diffraction patterns showed the consolidation of D and J phases. For tim longer than 30 
hours in LEM and 20 hours in MEM, the successive fracture and rewelding of the particles activate the formation of 
the intermetallics.  The mean particle sizes of the longest tim analyzed in this work had values between the ones 
obtained for the same tim in Cu-16at%Al and Cu-30at.%Al (Fig. 2 and Giordana et al. (2015)). It is worth to mention 
that for LEM only D phase was obtained after 100 hour of milling of Cu-16at.%Al while only J phase was obtained 
after 100 hour of milling of Cu-30at.%Al (Giordana et al. (2014)). In this work, a mixture of D and J phases was 
detected as the final intermetallic. Therefore, the decrement of the particle size as the Al content increases could be 
attributed to the increment of the J, since this phase is much more fragile than the Done  
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The grain size obtained due to an indirect type of calculation (Table 3) was in agreement with the grain sizes 
observed by TEM (Fig. 3). However, no significant evolution was observed in neither of the different tim. The same 
behavior was observed in this system for Cu-16at%Al and Cu-30at.%Al (Giordana et al. (2015)). However, in other 
systems, like Ni-35at.%Al, it was observed a decrement of grain size as the milling time increases (Zelaya et al. 
(2013)). The lack of grain size evolution of Cu-Al could be associated to an absence of high energy movement of 
defects easily activated by milling processes.  
For tim longer than 20 hours only D and J phases were detected. Taking into account the total intensity of the 
rings of the diffractions patterns (Fig. 4) and the height of the peaks associated to each phase in the diffractograms 
(Fig. 5), the amount of J phase seemed larger for LEM. The same behavior was observed using the same type of 
mills in Cu-30at.%Al (Giordana et al. (2014)).  In that work, it was found that the phase formation for those system 
formed at first the D phase (isostructural with Cu) and after that process, the formation of J2 took place. Assuming 
that idea, the LEM seems to be more efficient than the MEM in terms of consumed time to arrive to a final 
asymptotic stage of milling.  
Finally, it should be mentioned that neither by LEM nor by MEM the equilibrium phases were in agree with the 
phase diagram. At Cu-24at.%Al the phase diagram showed a boundary between D and Jphases. The lack of 
coincidence between the phases achieved by RM and conventional method was already observed in this and other 
systems (Guzman et al. (2013), Pabi et al. (1996), Zelaya et al (2013) and Giordana et al. (2014)). The synthesis of 
intermetallics by RM at room temperature is associated to diffusion processes rather than to nucleation and growth 
of phases. For this reason the alloys generated by RM were different than the ones produced by conventional 
melting methods.     
 
5. Conclusion 
The formation of the intermetallic by low and medium energy ball mill was detected for Cu-24at.%Al. 
The mean particle size of Cu-24at%Al was larger than Cu-16at%Al and smaller than Cu-30at%Al at the final 
stages of milling.  
The mean size of the grains did not present a large variation as the milling time evolves.  
Both XRD and TEM techniques detected the presence of D and J phases at intermediate and final tim of the 
milling. 
The intermetallics obtained by both types of milling were not the equilibrium ones according the conventional 
phase diagrams.   
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